We find a metastable vortex state of the perpendicular magnetic anisotropy free layer in spin transfer torque magnetic tunneling junctions by using micromagnetic simulations. The metastable vortex state does not exist in a single layer, and it is only found in the trilayer structure with the perpendicular magnetic anisotropy polarizer layer. It is revealed that the physical origin is the non-uniform stray field from the polarizer layer.
Introductions
Generally, a vortex configuration is an energetically stable state with specific conditions in the nanoscale structures [1] [2] [3] . In certain sizes of nanostructures, a single domain state is not energetically favorable due to the strong demagnetization energy. Therefore, the vortex state is formed by reducing the demagnetization energy by increasing the exchange coupling energy for in-plane magnetic materials. There are many researches on the vortex dynamics with the ac-and dc-external fields and spin polarizing currents [4] [5] [6] [7] as well as with the devices [8, 9] . However, all researches regarding the vortex states are considered only in the in-plane magnetic anisotropy (IMA) materials.
There is no known stable vortex state in the perpendicular magnetic anisotropy (PMA) materials so far within our best knowledge. In this study, we present a metastable vortex state for PMA materials in a nano-disk structure for the spin transfer torque magnetic random access memory (STT-MRAM). Because the STT-MRAM requires a PMA free layer in order to overcome the thermal stability problems [10, 11] , researches about the PMA free layer are timely important. In the present work, we investigate the stable state of the free layer of the typical circular magnetic tunneling junctions (MTJ) and a single layer structure by employing micromagnetic simulations based on Object-Oriented MicroMagnetic Framework (OOMMF) [12] using the public STT extension module [13] . We discovered that the metastable vortex state can be formed in the MTJ with the polarizer layers; however, such vortex states are not found in the single nano-disks. The PMA vortex state is formed by balancing between demagnetization energy, uniaxial perpendicular magnetic anisotropy energy, exchange coupling energy and the Zeeman energy due the stray field from the polarizer layer. Therefore, it is much more complex than the IMA vortex state and further, it is not easy to analyze analytically. However, it is clear that that the non-uniform stray field from the polarizer layer plays a crucial role in the formation of the vortex state. More details of the micromagnetic simulations can be found in our previous report [13] . For simplicity, we performed all simulations at 0 K.
Micromagnetic Simulations

Stable States of the Single Free Layer
In order to find the stable state of a single layer, we set the whole magnetization directions of the single layer to +z direction, and relaxed them. Due to the finite size edge effect, the spins at the edge are slightly deviated from the +z-axis, when the K u is large. We varied K u from 1.0 × , the stable state is also a single domain ( Fig. 2(b) ); however, there are finite out-of-plane components. In our snapshot, the red color indicates +z components. The directions of the in-plane component are not meaningful, because there is no in-plane anisotropy in our problems. When we increase K u to 10.0 × 10 5 J/m 3 , the stable state is now out-of-plane, as shown in Fig. 2(c) . More details of the stable state dependence on K u will be discussed later (see Fig. 8 ).
In a simple single domain model for an infinite film, the system energy density is given by (1) Here, θ is an angle of the magnetization from +z-axis. The energy equation turns out to a kind of uniaxial anisotropy equation. The competition between PMA energy and the demagnetization energy determine the stable state. Therefore, when K u > 1/2 , the out-of-plane configuration is stable, whereas when K u < 1/2 , the inplane configuration is stable. However, we examined the finite nano-disks, such that the simple single model is not correct. It must be noted that the oblique state, such as (1); however, such oblique state is energetically stable, as indicated in Fig. 3 . We plot the total system energy as a function of time for the single layers in Fig. 3 . The difference of the total energy ΔE T between K u = 10 5 and 10 (1) is for the infinite plane, not for the finite nano-disk; hence, the real demagnetization energy is smaller than 1/2 . We can conclude that the 40-nm diameter nano-disk is small enough to form a single domain for the single layer. , the stable state is a perpendicular magnetization configuration and is parallel to the polarizer layer, as presented in Fig. 4(c) . The polarizer layer magnetizations are always parallel to the +z-axis (not shown here), and the stray field is also a +z-axis. However, when we set K u = 1 and 5 × 10 5 J/m 3 , the stable states are different from the single layer cases due to the stray field from the polarizer layer. As shown in Figs. 4(a) and (b) , the stable state is a kind of a vortex state, in spite of the PMA, and is sufficiently small-sized with regard to the nano-disk. For the single layer, the stable state is a single domain with in-plane magnetization, as shown in the previous section. However, a stable vortex state is formed in the MTJ structure. It implies that the dipole interaction between the polarizer and free layers plays essential roles in the formation of the stable state. Similar to the vortex for the in-plane anisotropy materials, the PMA vortex has a vortex core, where the magnetization direction is perpendicular to the plane, and other parts are in-plane magnetization with a chiral structure. Here, the chirality of the vortex can be either clockwise or counter-clockwise, and the energies of the clockwise or counter-clockwise states are the same. Therefore, the chirality will be determined by the initial conditions. , as shown in Fig. 5(a) . However, Fig. 5(b) shows that the exchange energies of the vortex states are larger than a single domain state, and Fig. 5(c) shows that the demagnetization energies of the perpendicular state are larger than the vortex state case. The PMA energies of the vortex states are larger than the perpendicular state, as shown in Fig. 5(d) . It is clear that the demagnetization energy can be lowered by forming the vortex state, despite it costs of the exchange and PMA energies. Here, the vortex core points the +z-direction is the initial direction of the free layer. We conducted the same simulations for the initially anti-parallel (AP) state, where the magnetizations of the free layer are set to the -z-direction. We obtained similar vortex states, as shown in Figs. 6(a)-(c) , depending on the K u values. It must be noted that the magnetization direc- Because the magnetizations of the vortex state are almost in-plane, except for the small core part, the difference of the demagnetization energies P-and AP-state must be small.
Stable States of the MTJ nano-disk
We plot the average normalized out-of-plane magnetization for various K u in Fig. 8 for the single, Pand AP-state. The vertical line is an anisotropy energy, where the easy axis is changed, K u > 1/2 , for the infinite plane. For a large enough K u , the P-and AP-state are stable. When the K u decreases, of the single layer goes to zero, which implies that there is no out-ofplane component, purely an in-plane magnetization. However, the MTJ structure, has non-zero values, implying that the the vortex states are formed for small K u . It must be noted that the signs of are the same as the initial conditions. Before the conclusion, we must discuss about the thermal energy contribution. Due to the fact that the micromagnetic simulation does not consider thermal energy, thermal agitation will destroy the vortex state. However, the energy difference between P-or AP-state to the vortex state is an order of 10 −18 J, which is much larger than the typical thermal energy k B T ~ 4.14 × 10 −21 J for room temperature.
Conclusions
Many studies on PMA free layers to find optimal conditions for the STT-MRAM applications [14, 15] . However, with our best knowledge, possible metastable vortex state is never predicted or observed in the PMA nano-disk. The predicted nano vortex structure has different magnetic characteristics from the in-plane vortex structure due to the small size. It will open new spin dynamics with different characteristic frequencies and so on. Since the finding vortex state can be exist in real devices, more detail study about PMA vortex state must be addressed.
